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The antibacterial effect is a desirable property in dental materials. Development of simple methods for the preparation of nanosized metal
particles has attracted signiﬁcant attention because of their future applications due to unusual size-dependent antibacterial properties. Copper
(Cu), Nickel (Ni) and bimetallic Cu–Ni nanoparticles were prepared by a simple chemical method and their antibacterial activity was tested
against the widely used standard human pathogens Staphylococcus aureus (gram-negative) and Escherichia coli (gram-positive). Additionally,
these nanoparticles were tested against the dental pathogen Streptococcus mutans. Our results are promising for potential use in dental materials
science.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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In dentistry, the persistent microorganisms for various
clinical conditions are a common problem. If bacterial con-
tamination is severe, it can lead to treatment failure. For
example, several studies have demonstrated that microorgan-
isms can remain viable beneath non-antiseptic ﬁllings for
considerable periods of time. This persisting microbial pre-
sence beneath restorations is a major factor in the development
of recurrent caries [1–3]. It has been suggested that this
microbial presence may be eliminated if the cut dentine surface
is sterilized, prior to cavity restoration, by antimicrobial
solutions which are harmless to the dental pulp. Consequently,
it has been realized that there is a need for dental restorative
material or cement which could act as an effective inhibitor of10.1016/j.pnsc.2014.07.002
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nder responsibility of Chinese Materials Research Society.bacterial growth. On the other hand, the role of bacteria in the
endodontic treatment failure has been well established. Apical
periodontitis can develop after treatment, due to bacterial
contamination of the ﬁlled root canal system resulting from
coronal leakage. Due to this, it is important to develop other
dental materials with antibacterial activity, without compro-
mising the mechanical properties, which could be fabricated
and might be applied in future clinical applications [4,5].
Nanoparticles (NPs) usually refer to spherical particles with
diameters in the range 1–100 nm [6]. NPs have higher surface
to volume ratio compared to particles constituted for the same
material that are not at the nanoscale and therefore, NPs are
more reactive [7]. Because of this large fraction of surface
atoms, nanoparticles show unusual physical, chemical, and
biological properties. This way, a conﬂuence of nanotechnol-
ogy and biology can address several biomedical problems and
can revolutionize the ﬁelds of health and dentistry. Currently,
some noble metal NPs have been extensively investigated and
they are well known for their antibacterial effects [8]. For NPsElsevier B.V. All rights reserved.
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used, despite their cost. In this context, copper (Cu) and nickel
(Ni) are good alternative materials because they are more
economical than gold and silver. Recent investigations have
been extended to the study of other metals, such as Cu and Ni,
that could have antibacterial activity. However, little attention
has been paid to the study of bimetallic Cu–Ni NPs, although
some studies have already shown some features of alloy NPs
that distinguish them from the pure ones [9].
It has already been reported that Cu NPs [10–13] and copper
oxide NPs [14–18] have antimicrobial activity. Similar ﬁnd-
ings have been reported for Ni NPs [19,20]; however, there are
very few studies available on this topic. Studies have shown
that Cu and Ni NPs have bactericidal activity. Nevertheless,
they have not been synthesized in aqueous solution without
using stabilizers as polymers, ligands, salts, etc. that can hinder
their properties. Finally, it is important to note that until now,
the antimicrobial properties of Cu–Ni bimetallic NPs have not
been studied. Therefore, the purposes of this study were the
synthesis and characterization of Cu, Ni and bimetallic Cu–Ni
NPs as well as to investigate their antimicrobial activity.2. Material and methods
2.1. Synthesis of NPs
The salts used were: copper sulfate pentahydrate (CuSO4 
5H2O), nickel sulfate hexahydrate (NiSO4  6H2O). A solution
consisting of deionized water and the corresponding metal salt
with concentration 1 102 M was prepared. In the case of
bimetallic particles an equal mole amount of each salt was
used to complete 1 102 M. The pH of the solution was
ﬁxed with NaOH, depending on each metal. The metal salt
solution was bubbled with nitrogen (N2) for 30 min. After that,
the reducing agent, sodium borohydride (NaBH4) was used in
two concentrations: stoichiometric concentration (4 102 M)
and excess concentration (8 102 M), as appropriate. To
achieve a rapid chemical reduction with NaBH4, it must be
added quickly on the metal salt solution[21]. After the addition
of the reducing agent the solution was stirred for 120 min to
complete the reaction. After that, the precipitate was ﬁltered
and washed three times with distilled water, and once more
with acetone to displace deionized water. Finally, to store the
nanoparticles and avoid oxidation isopropyl alcohol was added
in a sufﬁcient amount to submerge them completely. Table 1
lists the preparation conditions of the NPs.Table 1
Synthesis conditions for Cu, Ni and Cu–Ni bimetallic NPs.
Nanoparticles pH Concentration of
reducing agent
Copper Free 4 102
Nickel 8 (Controlled) 8 102
Cu–Ni bimetallic 8 (Controlled) 4 1022.2. Characterization
The synthesized Cu, Ni and bimetallic Cu–Ni NPs were
characterized by Scanning Electron Microscopy (SEM),
Energy Dispersive Energy (EDS), X-ray diffraction (XRD)
and Transmission Electron Microscopy (TEM). Final product
was sonicated for 30 min to break big nanoparticle agglomer-
ates. The particles were then dried in vacuum at room
temperature (20 1C) prior to analysis. The SEM and EDS
analysis were obtained using a Scanning Electron Microscope
JEOL, JSM-6510LV at 20 keV (Tokyo, Japan).
The crystalline phases and composition of the Cu, Ni and
Cu–Ni NPs were investigated using a Bruker D8 Advance X-
ray diffractometer (Frankfurt, Germany), operated at 35 kV,
30 mA., with CuKα1 radiation (wavelength λ¼1.5406 Å) and
copper ﬁlter. The X-ray diffractogram was recorded in the 2θ
range from 101 to 801 at scanning steps of 0.0491.
The transmission electron micrographs (TEM) were
obtained with a JEOL JEM-2100 microscope (Tokyo, Japan).
Samples for the TEM examination were prepared by placing a
drop of the sample suspension on a copper grid (300 mesh)
coated with carbon ﬁlm and let dry in ambient air.
2.3. Antibacterial activity
The bacterial strains used in this study were obtained from
the stock-culture collection of the Biochemistry Laboratory of
the School of Dentistry, National Autonomous University of
Mexico (UNAM). The strains used are endemic to the region
from central Mexico and each one was characterized by a
battery of cultural and biochemical tests. These strains
included gram positive and gram negative bacteria commonly
used as standards.
The experiments on the antimicrobial activity were carried
out as described by the Clinical and Laboratory Standards
Institute [22]. Antimicrobial activity of the synthesized NPs
was tested against the human pathogenic bacteria Staphylo-
coccus aureus, Escherichia coli and Streptococcus mutans by
determining the minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC) following the broth
dilution method. Selective media were used to culture each
strain. For culturing S. aureus, E coli and S mutans, the agars
used were: Eosin methylene blue agar [23], Mannitol salt agar
[24] and Mitis saliviarius agar enriched with 150 g/L sucrose,
potassium tellurite 1 mL (1%) and 1 mL of bacitracin (200 U/mL)
[25], respectively. The samples were initially incubated at
37 1C for 24 h for the bacterial cultures, which were used to
prepare McFarland standards. The 10 mL nutrient broth
medium was prepared. Each set was inoculated aseptically
with 10 mL of the respective bacterial suspension (approxi-
mately 108 CFU/mL). Six dilutions of NPs were prepared for
testing: 0.01, 0.10, 1.0 10.0, 100.0 and 1000.0 μg/ml. We used
a positive control (only bacteria) and a negative control (only
NPs). Tests were performed three times for each strain. The
inoculated sets were incubated at 37 1C for 24 h. The presence
or absence of turbidity in each tube was recorded. Tubes
showed no turbidity when cultured on agar plates. Viable
Table 2
Results of the elements ratio obtained for EDS analysis for Cu, Ni and
bimetallic Cu–Ni NPs.
Copper NPs Element Weight % Atomic %
O 5.91 19.96
Cu 94.09 80.04
Nickel NPs
O 6.74 20.96
Ni 93.26 79.04
Cu–Ni NPs
Ni 46.76 48.73
Cu 53.24 51.27
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assigning the lowest concentration that stopped bacteria
growth as the minimal inhibitory concentration (MIC). The
minimal bactericidal concentration (MBC) to prevent bacterial
growth was also determined. For determining the bacterial
growth, formula (1) was used.
3. Results
3.1. Copper NPs
The Energy Dispersive X-ray Spectrometry (EDS) analysis
recorded for Cu NPs, is listed in Table 2. The X-ray diffractogram
of Cu NPs is shown in Fig. 1a. XRD peaks were indexed using
JCPDS ﬁles. The sharp peaks of the XRD pattern indicate the
crystalline nature of the NPs. We found two crystalline phases,
namely metallic copper (JCPDS card: 70-3038) and copper oxide
(JCPDS card: 71-3645). Fig. 1b shows the UV–vis absorption
spectrum of the Cu NPs where a peak was observed at 589 nm.
This absorption peak is in good agreement with the reported values
for copper with absorption maxima ranging from 550 to 600 nm.
[26] Fig. 1c shows a TEM micrograph of Cu NPs. On Fig. 1d we
measured the interplanar distance (2.13 Å) that corresponds to the
plane (200) of Cu2O (JCPDS card: 71-3645). The analysis of TEM
is consistent with the ﬁndings of EDS, XRD and UV–vis
spectroscopy.
3.2. Nickel NPs
The EDS analysis for Ni NPs is shown in Table 2. The X-ray
diffractogram is shown in Fig. 2a. We can see the corresponding
peaks for two crystalline structures: metallic nickel (JCPDS card:
71-4655) and nickel oxide (JCPDS card: 47-1049). Fig. 2b and c
show the average particle size and a representative TEM micro-
graph, respectively. Fig. 2d shows the measurement of the
interplanar distance (2.09 Å) that corresponds to the (200) plane
of NiO. TEM analysis was in concordance with EDS and XRD in
terms of the NPs composition.
3.3. Bimetallic Cu–Ni NPs
The EDS analysis for bimetallic Cu–Ni NPs is shown in
Table 2. The X-ray diffractogram is shown in Fig. 3a. Threedifferent crystal structures were found: Cu–Ni (JCPDS card:
65-7246), nickel oxide (JCPDS card: 89-3080) and copper (I)
oxide (JCPDS card: 71-3645). Fig. 3b shows the average
particle size and a representative TEM micrograph. Fig. 3c
shows the interplanar distance measured (2.05 Å), it corre-
sponds to the (111) planes of Cu–Ni (JCPDS card: 65-7246).
Fig. 3d shows another measurement of the interplanar distance
(1.78 Å) which corresponds to the (200) planes of Cu–Ni.
TEM analysis was in concordance with EDS and XRD in
terms of the NPs composition.
3.4. Antibacterial activity
Regarding the broth dilution method, the lowest concentra-
tion at which the isolate is completely inhibited (as evidenced
by the absence of visible bacterial growth) was recorded as the
minimal inhibitory concentration (MIC). Therefore, the mini-
mal bactericidal concentration (MBC) is the lowest concentra-
tion of antibiotic that completely prevents growth of these
particular strains. For the validity of this test, a positive control
(showing growth) and a negative control (showing no growth)
were observed. For Cu NPs, and it was found that the MIC and
the MBC were 10 μg/mL and 100 μg/mL for E. coli respec-
tively, while for S. aureus and S. mutans the MIC and MBC
were 100 μg/mL and 1000 μg/mL, respectively. The behavior
of Ni and Cu–Ni NPs was similar. First, we could not achieve
a complete inhibition of bacterial growth (MBC) even at the
highest NPs concentration used in this study (1000 μg/mL).
However, with both types of NPs the MIC for all the three
bacteria (S. aureus, E. coli and S. mutans) was 1000 μg/mL.
Fig. 4 shows the antibacterial effect of the Cu, Ni and
bimetallic Cu–Ni NPs on the organisms. All three types of
NPs are active against the microorganisms in this study.
4. Discussion
Various parameters such as the pH and reducing agent
concentration are used for the synthesis of the obtained NPs.
The NPs synthesis method is crucial to obtain desirable
properties, such as the antibacterial activity [27].
The ﬁnal size depends on the supersaturation, the fraction of
metal atoms involved in the nucleation step relative to the total
amount of metal in the system, and on the degree of
aggregation. High supersaturation of metal atoms will generate
a large number of nuclei and consume a major fraction of the
metals in the system. In this situation if the aggregation
mechanism is prevented, further increase in size will occur
by incorporation of the remaining metallic species in solution
and the ﬁnal particles will remain in the nanosize range [28].
It is also known that the particle surface charge arises from
the adsorption of sodium borohydride which provides repul-
sive electrostatic forces among the particles and prevents them
from clumping together. However, too much sodium borohy-
dride increases the overall ionic strength, preventing the
formation of stable nanoparticles[29]. We observed longer
periods of stability when the mole ratios are increased at twice
for Ni NPs. For other hand, in our experience, increasing the
Fig. 1. Characterization of copper NPs. (a) The X-ray diffraction pattern. (b) UV–vis spectra. (c) Micrograph of TEM, the inset shows size distribution and (d)
HR-TEM micrograph.
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increase the stability of Cu NPs. In this study, both in the
synthesis of Ni NPs, and Cu–Ni bimetallic NPs, increasing
higher amount of sodium borohydride, that is proposed for
each, resulted in the formation of a phase Ni(OH)2 (PDF
73-1520).
The pH is important to facilitate the reaction. The pH
required varies according to the redox potential of each metal.
The inﬂuence of pH in the reduction of the precursors can be
explained by the fact that the reduction of Ni2þ is produced
more easily for pH near 8, accordingly to the E in Nernst
equation [30]. In the case of Ni NPs, if the pH value is less,
then the nanoparticles are more amorphous. This is due to the
increasing nucleation rate. However with increasing pH, thereaction starts more slowly, allowing the accommodation of
nickel atoms, producing crystalline nanoparticles. In the case
of Cu NPs, an increase in pH causes a retardation of the
reaction, which results in increased oxidation of the nanopar-
ticles, increasing their size. When Cu NPs synthesis is
performed with a pH value of 8, a phase of CuO (PDF
78-0428) is obtained. This phase exhibits more oxidation than
the two phases obtained at a free pH. Regarding the synthesis
of bimetallic, the simultaneous reduction of the two metals is
possible if the pH is adjusted[21]. This allows for stoichio-
metric Cu–Ni bimetallic NPs.
The inﬂuence of pH in the process of reduction of some
metals is critical, as in the case of iron (Fe) and its redox
potential (E0) is 0.44 V, which is further reduced at a pH
Fig. 2. Characterization of nickel NPs. (a) The X-ray diffraction pattern. (b) Size distribution graph. (c) Micrograph of TEM and (d) HR-TEM micrograph.
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be better in a free pH medium [21]. For Ni, E0¼0.25 V is a
considerably lower value than for Cu (E0¼0.34 V), therefore
the pH value in the solution is less signiﬁcant for the reduction
of Cu. In the current study, we observed that the reaction does
not take place if the pH is raised above 10. This is due to the
reversible formation of hydroxides in aqueous solution from
the –OH group of NaOH. Moreover, by adding NaOH in the
metal salt solution, there is a retardation on the starting time of
the reaction.
Another consideration is the type of agitation of the solution
during the chemical reaction. We observed that the magnetic
stirring increased the particle size to the micrometric range,
thus we used mechanical agitation in all synthesis.
During the chemical reduction method an additional component
called stabilizer is introduced into the reaction medium to improve
the stability of the particles in the nanometer scale. The role of the
stabilizer is to interact with the surface atoms and thus to decreasethe interaction between NPs preventing precipitation. Various
compounds are regularly used as stabilizers; and the most used
stabilizers are sulfur-containing organic compounds, surfactants,
and organic compounds containing polar functional groups. Very
often, the reducing agent or its oxidation products act as stabilizers.
There are no “naked” NPs in the condensed media; the surface of
NPs is covered with a layer of adsorbed components of the
environment and the composition, and the structure of this layer
directly inﬂuences the average particle size [27]. The layer size is
important; a thick layer hinders the antimicrobial capacity of the
NPs and vice versa.
For Cu and Ni, the oxygen in the ambient, rapidly form an
oxide layer on the surface of the NPs when exposed to air.
However, it seems that these oxides also exhibit antibacterial
properties [11,14–18]. This means that the NPs synthesis could
be carried out at atmospheric pressure, atmospheric environ-
ment, at room temperature and using water as a solvent as in
the case of this work. It was not necessary to perform the
Fig. 3. Characterization of bimetallic Cu–Ni NPs. (a) The X-ray diffraction pattern. (b) Micrograph of TEM, the insert shows size distribution. (c) and (d) and
HR-TEM micrographs are shown as the planes (111) and (200) in the same nanoparticle.
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reduce the cost of the process.
On the other hand, some investigations have shown that
when a metal is associated with another metal in bimetallic or
alloy form the properties of the resulting material could be
better with respect to those of the pure metals [9,31].
According to the experiments of Tojo et al. [32], the reduction
rate of Cu is much faster than that of Ni and the synthesis of a
bimetallic phase is justiﬁed by assuming that the presence of
Cu signiﬁcantly accelerates the reduction rate of Ni. It might
lead to simultaneous reduction of both metals although the
existence of a large difference in the reduction potential.Moreover, antimicrobial materials are potentially attractive in a
wide variety of medical applications such as dental procedures
[33]. NPs with a larger surface-to-volume ratio provide more
efﬁcient means for antibacterial activity. Antibacterial activity tests
revealed that copper oxide NPs acted as excellent antibacterial
agents for gram positive and gram negative bacteria. Bacteria have
cell membranes containing pores of nanometer size that can be
overcome by the NPs, degrading the cytoplasm and ultimately
leading to cell death. Antibacterial mechanism is primarily
attributed to the strong adsorption of ions to the bacterial cells,
which imparts antibacterial efﬁcacy in a concentration-dependent
manner [18].
Fig. 4. Graphs of bacterial growth in presence of Cu, Ni and bimetallic Cu–Ni
NPs against (a) S. aureus, (b) E. coli and (c) S. mutans.
Table 3
MIC and MBC concentrations of non-noble metal nanoparticles.
Metal
NPs
Size
particle
MIC MBC Reference
CuO 5–10 nm 20 μg/ml 50 μg/ml S. Jadhav et al.[18]
Cu 12–15 nm 40 μg/ml 60 μg/ml M. Rafﬁ et al.[11]
CuO 7–16 nm 140–280
μg/ml
160–300
μg/ml
J.P. Ruparelia et al. [33]
Cu 50–60 m 3 μg/ml 7 μg/ml A.K. Chatterjee
et al. [13]
Cu a a 250 μg/ml
G. Ren et al.[15]CuO 20–95 nm a 250 μg/ml
Cu2O a a 2500 μg/ml
Ni 20–25 nm 100 μl H. Kumar et al.[19]
aNo data available.
L. Argueta-Figueroa et al. / Progress in Natural Science: Materials International 24 (2014) 321–328 327The bactericidal effect of NPs is dependent on the concen-
tration of NPs and the initial bacterial concentration. In this
study, the initial bacterial concentration was almost constant at
108 CFU/mL irrespective of NPs concentration and microbialstrain. Due to variation in the strains employed, variation in the
size of NPs and initial bacterial concentration, direct compar-
ison between the studies is difﬁcult [34]. Table 3 lists a
comparison between the studies on Cu and Ni NPs. Consider-
able variations are observed in the concentrations used by
other researchers. These signiﬁcant differences reported in
previous research, led us to use a wide range of concentrations
to determine the MIC and MBC.
As demonstrated in previous studies, our results are in accor-
dance with the fact that Cu NPs have a bactericide effect (similar to
Triclosan) so it is possible to decrease the starting microorganism
concentrations of S. aureus or E. coli by 99.9% [10]. An
antibacterial effect of Cu NPs was observed in Gram-positive
Bacillus subtilis and S. aureus, for which the values of MIC
and MBC were close to that for E. coli [13]. The antibacterial
property of Cu NPs was attributed mainly to adhesion with
bacteria because of their opposite electrical charges, resulting
in a reduction reaction at the bacterial cell wall [11]. It has
been suggested that the reduced amount (between 3- and 20-
fold) of negatively charged peptidoglycans would make gram-
negative bacteria more susceptible to such positively charged
particles. In this sense, this study is in accordance with earlier
reports by Ren et al. [15] because the MBC values are slightly
lower for E. coli compared with MBC values for S. aureus.
Although, there are reports of successful synthesis of nickel
oxide nanotubes with great antibacterial activity [20], the
current investigation showed that Ni NPs exhibit no bacter-
icidal activity, and their ability is only bacteriostatic. Finally,
no previous reports on the antibacterial effect of bimetallic
Cu–Ni NPs have been found. Such activity could be attributed
to the presence of nickel (due to its bacteriostatic activity) as
well as the size of bimetallic Cu–Ni particles, which is larger
than the Cu and Ni NPs.
The main challenge when working with NPs is to maintain
stability as well as antibacterial properties. It is not enough to
achieve a successful synthesis, it is also necessary to ﬁnd a
medium that permits the stability of the NPs. For that, NPs can
be used in a polymeric matrix, such as dental composite resins
as well as dental adhesive systems for applications in restorative
dentistry, pediatric, dentistry, orthodontics, prosthetics, and pre-
ventive dentistry. Moreover, NPs have a signiﬁcant potential for
L. Argueta-Figueroa et al. / Progress in Natural Science: Materials International 24 (2014) 321–328328a wide range of other biological applications such as bacter-
icidal/bacteriostatic agents for antibiotic resistant bacteria,
preventing infections and healing wounds. Therefore, Cu or
Ni NPs being bactericidal/bacteriostatic component can be
employed in formulation of bone cements, ion exchange ﬁbers,
coating for devices, sterilization, irrigating the root canal,
among other potential applications in dentistry. Further studies
will be performed on this line.
5. Conclusions
The experimental parameters play an important role in the
NPs synthesis. The pH is very important to obtain stoichio-
metric metal nanoalloy (bimetallic) NPs. This is determined by
the redox potential of each metal. The nanoparticles have been
successfully characterized. Zero valent metal compounds are
difﬁcult to study since the sample is in contact with the
environment during characterization and the oxides form. NPs
obtained are smaller than 25 nm with low polydispersity.
Cu NPs show a bactericidal effect against S. aureus, E. coli
and S. mutans, while Ni NPs and bimetallic Cu–Ni NPs exhibit
only a bacteriostatic effect on the same microorganisms.
Finally, the NPs evaluated in this study have promising proper-
ties for applications in dentistry; however, further studies are
warranted.
Equation
(1) BG%¼ [(CT)/C] 100 where BG is bacterial growth
(%), C is the average number of the bacteria on the control
sample (CFU/sample), and T is the average number of bacteria
on the testing samples (CFU/sample).
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